In the present work gamma attenuation behavior of some commonly used commercial stainless steels and boron steels were investigated. 303, 304, 310, 316, 430 stainless steels and ZF7B, 27M12C5B, 30MNB5 boron steels were studied against Cs-137 and Co-60 gamma radioisotopes. The linear and mass attenuation coecients of the samples were measured by using gamma transmission technique. Mass attenuation coecients were compared with the theoretical values which were calculated by using XCOM computer code. Theoretical and experimental mass attenuations were closed to each other. In addition half-value thickness (HVT) values of the samples were calculated and compared with the results of lead (Pb). European Union has published the directive in 2002 and recast in 2011 about Restriction of Some Hazardous Substances (RoHS) which included Pb. This study shows that 303, 304, 310 and 316 stainless steels and ZF7B, 27M12C5B, 30MNB5 boron steels are some of the candidate materials for using in gamma shielding applications instead of lead.
Introduction
European Union has released a directive in 2002 and recast in 2011 about restriction of the use of some hazardous substances (RoHS) which includes lead (Pb) in electrical and electronic equipment [1] . It has been also reported that there is no economic substitution material for the lead in these devices and systems [2] . It is known that lead is a commonly used radiation shielding material in nuclear applications and devices, because of its good shielding properties and low cost. On the other hand the lead is a toxic material, thus there are some studies intended to nd alternative materials, which could be used in radiation shielding applications instead of the lead. Steels, tungsten alloys, concrete, aluminum alloys are some of these candidate material [35] .
In this study 303, 304, 310, 316, 430 stainless steels (SSs) and ZF7B, 27M12C5B, 30MNB5 boron steels (BSs) were investigated against gamma radiation sources (Cs-137 and Co-60). The study of gamma attenuation properties was carried out and results are compared with the properties of lead and other candidate materials. The possible uses of the steels instead of lead in radiation shielding applications were evaluated by the view of RoHS Directive.
Experimental procedure
Gama transmission technique, a schematic view of which is given in Fig. 1 , is based on penetration of gamma rays through materials. The gamma rays which come from the source are detected with/without material [6] .
* e-mail: buyukbu@itu.edu.tr In the experiments Cs-137 and Co-60 gamma sources were used, which have activities of 8.5 µCi and 8.32 µCi, respectively. Cs-137 has one gamma peak at energy of 0.662 MeV and half life of 30.1 years [7] . Co-60 has two gamma peaks at 1.17 and 1.33 MeV (1.25 MeV mean) [7] . The half life of Co-60 is 5.27 years. Canberra Model (802-2X2) NaI Scintillation detector was placed 14 cm from the source. Both the detector and source were put in the lead houses (5 cm thick), which have a 7 mm hole on the same axis, to see each other and minimize the scattering eect. The accumulation time was adjusted to 300 seconds. Afterwards source was placed and initial gamma radiation I 0 was measured. Finally, for each material, the gamma counts I were detected at dierent material thicknesses. To get rational evaluation, relative counts I/I 0 were calculated for dierent thickness values of the samples and evaluated.
303, 304, 310, 316 and 430 type stainless steels and ZF7B, 27M12C5B, 30MNB5 boron steels were used in the experiments. The contents of the studied steels is given in Table I .
Results and discussion
The relative counts at dierent thickness values of the samples were measured and the results are given in the Table II. In the experiments the graphs in Fig. 2 were tted according to Beer Lambert's law which is (1342) given below [6] ;
where I and I 0 are gamma ray intensity with and without material, respectively and µ is the linear attenuation coecient for the sample at specic gamma ray energy and x is the material thickness.
The 304 SS has the highest gamma attenuation capability for either Cs-137 (Fig. 2a) or Co-60 (Fig. 2b ) gamma sources. On the other hand, for boron steels 30MNB5 has the highest gamma reduction ability for Cs-137 gamma source (Fig. 2c) and 27M12C5B has the highest Co-60 gamma attenuation (Fig. 2d) capability. The linear attenuation coecients for the studied steels were determined according to Eq. 1 and the results are presented in Table III .
The Cs-137 linear attenuation coecients of the stainless steels were higher than those of boron steels, with the exception of 430 steel. However it was hard to make same generalization for Co-60 linear attenuations coecients. The 304 stainless steel had the biggest linear attenuation coecient for both Cs-137 and Co-60 gamma radioisotopes. From the experimental results, the mass attenuation coecients µ/ρ of the samples were calculated. On the other hand the theoretical mass attenuation coecients of the samples were determined using XCOM computer code which is a commonly used code in the literature [11] . The experimental and theoretical mass attenuations and dierences expressed in percents are presented in Table IV .
It can be seen from the Table IV , that the theoretical (XCOM) mass attenuation coecients are close to experimental ones with the average dierence of 3.24%, which is caused by the impurities in the samples and by the production methods.
Half-value thicknesses (HVTs), which mean the material thickness needed to reduce the incoming gamma ray intensity to its half value, were calculated and are given in Table V. The stainless steels have smaller HVT values than the boron steels (with exception of 430). On the other hand, all of them have bigger HVT values than Pb and W for both Cs-137 and Co-60. 304 SS was the closest material to lead and tungsten, considering the gamma attenuation properties. It means that stainless steels have infe- rior gamma attenuation properties than lead and tungsten. However the stainless and boron steels have higher gamma attenuation capability than concrete and aluminum alloys [35] . Even though tungsten is an alternative material for lead in nuclear applications, the price of tungsten restricts its usage. On the other hand 304 SS has acceptable commercial price, to be use it in nuclear applications instead of lead. [3] 0.407 0.676 Concrete [5] 4.8 6.6 Aluminum [5] 3.37 4.61 4 . Conclusions 303, 304, 310, 316 and 430 stainless steels and ZF7B, 27M12C5B, 30MNB5 boron steels were investigated against Cs-137 and Co-60 gamma radioisotope sources. The measurements of gamma attenuation properties of the steels were carried out. The experimental mass attenuations were close to theoretical ones, with the average dierence of 3.24 %, which is the result of impurities and production method. In addition HVT values for each sample were calculated and interpreted to another and compared to lead. Although the steels have less HVTs and larger production cost than lead, they have lower production cost than tungsten and tungsten alloys. Therefore, stainless steels and boron steels are still promising candidate materials in gamma shielding applications instead of lead.
